The use of antimicrobial growth promoters has been banned in the EU. This has created an interest in alternative strategies to prevent an imbalance in the intestinal microbiota and the potential development of intestinal disorders in livestock. Essential oils (EOs) have been known to exhibit antimicrobial activity against specific microbial species and could therefore be considered one such alternative in controlling the intestinal microbial population. Under anaerobic conditions, the tested Clostridium perfringens strains were found to be sensitive (P < 0.05) to carvacrol, cinnamaldehyde, citral, limonene, thymol, particularly at the higher concentration tested (500 mg/l) and to oregano oil, rosemary oil and thyme oil. Streptococcus epidermis was sensitive (P < 0.05) to most EO's tested, also mainly at the higher concentration. The tested Salmonella serovars were found to be sensitive (P < 0.05) only to high (500 mg/l) concentrations of the tested EOs. Escherichia coli was sensitive (P < 0.05) to most of the tested EOs, also at lower concentrations (5 and 50 mg/l). Bifidobacterium longum, Bifidobacterium breve and Lactobacillus reuteri were less sensitive (P < 0.05) to most of the tested EOs, while Bifidobacterium animalis ssp. lactis and L. fermentum were relatively sensitive also at lower concentrations (5 and 50 mg/l), although growth reduction by EOs of these bacterial species was less then with the antimicrobial growth promoter avilamycin. With the exception of Salmonella and E. coli, all tested microbes were sensitive to avilamycin. Selected EOs seem to have the advantage of inhibiting the growth of potential pathogens while only moderately influencing beneficial members of the intestinal microbiota. This difference in sensitivity may strengthen the microbiota and contribute to improved animal health.
The widespread use of antibiotics in human medicine and animal husbandry is thought to contribute to the development of antibiotic resistance (Hamer and Gill, 2002; Wegener, 2003) . In order to limit the spread and development of antibiotic resistance the use of antimicrobial growth promoters has been banned in the European Union since 2006. Because of this, there is considerable interest in alternatives for the control of potential pathogens in the animal gastrointestinal tract. A number of approaches have been suggested, such as probiotics (Nousiainen et al., 2004) , and essential oils (EOs; Hammer et al., 1999a) as feed additives. Probiotics, as living microorganisms, pose a significant challenge to feed manufacturers in terms of their viability/survival during feed processing. EOs, on the other hand, can be handled and included in the feed similarly to other feed ingredients, although their volatility may pose a challenge.
The antimicrobial activity of EOs has long been recognised and they have been extensively tested in vitro against a wide range of pathogenic bacteria and fungi (Kalemba and Kunicka, 2003) . Animal trials have also demonstrated the promising effects of EOs against the colonisation and proliferation of Clostridium perfringens (Mitsch et al., 2004; Di Pasqua et al., 2007) . The mechanism by which the essential oils exert their antimicrobial activity is poorly understood but the main target appears to be the cell membrane of bacterial cells (Burt, 2004; Di Pasqua et al., 2007) . Because of this, Gramnegative microbes are in general more resistant to the antimicrobial activity of EOs due to the presence of an outer membrane (Kalemba and Kunicka, 2003; Burt, 2004) . Many beneficial members of the intestinal microbiota are Gram-positive, such as Bifidobacterium spp. and Lactobacillus spp. Thus, the relatively non-specific mode of action of EOs could lead to an undesirable reduction in their numbers. While some researchers have reported a relative resistance of lactobacilli against some selected EOs (Hammer et al., 1999b) , this issue has not received further attention nor have the effects of the EOs on bifidobacteria been investigated.
The aim of the current study was therefore to investigate the effect EOs on the growth of selected pathogenic bacteria, bifidobacteria and lactobacilli. This would give information on the influence of these oils on beneficial members of the intestinal microbiota. It would also indicate whether a combination with probiotics might be possible. For comparison, the influence of a commercial antimicrobial growth promoter avilamycin (Butaye et al., 2003) on the studied microbes was determined.
MATERIAL AND METHODS
In the current study, 13 EOs or their natural extracts were tested (Table 1) . The oils were dissolved in DMSO or ethanol to give stock solutions of 10 000 mg/l and stored in tightly closed glass bottles at -20°C until use. EOs were tested at levels of 5, 50 and 500 mg/l, with the exception of rosemary oil which was not tested at 500 mg/l as the format (powder) caused too high a turbidity. The same levels of DMSO or ethanol in culture broths were used as controls. Avilamycin was included at a level of 5 mg/l as a positive control for the comparison of EO antimicrobial activity.
As target bacterial strains, three serovars of Salmonella enterica, three strains of Clostridium perfringens, Streptococcus epidermis, Lactobacillus reuteri, L. fermentum, Bifidobacterium animalis ssp. lactis, B. longum and B. breve were used. All strains were maintained as stocks frozen at -80°C. The bacteria were pre-cultured at 37°C under anaerobic conditions in the media indicated in Table 2 .
After pre-culturing, bacteria were inoculated at a level of 1% into fresh broth containing one EO dissolved in either DMSO or ethanol as outlined above. The bacteria were incubated anaerobically (80% N 2 , 10% CO 2 and 10% H 2 ) at 37°C. Growth was monitored by measuring the absorbance at 600 nm every 30 min for 24 h using a Bioscreen (Growth Curves Ltd, Naantali, Finland). Results are expressed as the area under the curve (OD 600 × min) and are the mean of three independent experiments ± standard error of mean.
Differences in bacterial growth were compared with a two-tailed unpaired t-test in comparison to the EO-free control; P-values below 0.05 were taken as significant.
RESULTS
Of the tested Gram positive potential pathogenic strains, C. perfringens strains exhibited a varying sensitivity to the tested EOs; in particular cinnamaldehyde and citral were observed to inhibit growth the most, also at 5 mg/l. Furthermore, all three natural EO extracts tested inhibited the growth of the tested C. perfringens strains (Table 3) . Only rosemary oil exhibited a similar growth inhibitory effect as the commercial antibiotic avilamycin.
S. epidermis was sensitive to all tested EOs. However, the reduction in growth was only very limited in most cases; carvacrol, cinnamaldehyde, citral, eugenol and thymol were the EOs that af- fected the growth of S. epidermis most, as were oregano and thyme oil and in particular rosemary oil. The latter reduced S. epidermis growth to a level similar to avilamycin (Table 3 ). All three serovars of S. enterica exhibited a low sensitivity to the tested EOs. Only at the highest level tested (500 mg/l) was a significant reduction in growth observed. The most effective EOs at reducing growth of S. enterica were carvacrol, cinnamaldehyde, citral and thymol. Of the three tested natural extracts, oregano and thyme oil significantly reduced the growth of S. enterica. The reduction in growth caused by 5 mg/l avilamycin was in the same range as the reduction observed for some of the EOs (Table 4 ).
Of the two tested E. coli strains, in particular E. coli 0147 was relatively sensitive to most of the tested EOs, even at lower concentrations of EOs. Carvacrol, cinnamaldehyde, eugenol, guaiacol and thymol were very most effective in reducing growth of E. coli, as were oregano, thyme and rosemary oil. Neither E. coli strains exhibited any significant sensitivity to avilamycin (Table 4) .
Bifidobacterium breve was particularly resistant against the tested EOs, exhibiting only sensitivity to cinnamaldehyde, citral and thyme and rosemary oil. Furthermore, B. breve was actually stimulated by 50 mg/l anethole, benzaldehyde and eugenol. B. longum was sensitive to all tested EOs, but only at the highest concentration tested. B. animalis ssp. lactis was sensitive to most tested EOs. Al three tested Bifidobacterium strains were highly sensitive to avilamycin (Table 5) .
L. fermentum was sensitive to many of the tested EOs also at lower concentrations, although the reductions in growth were relatively small. Avilamycin, however, caused a significant reduction in growth. Interestingly, carvacrol, cinnamaldehyde, thymol, limonene, oregano oil and thyme oil were found to stimulate the growth of L. fermentum.
In contrast, L. reuteri appeared to be very resistant to the tested EOs, being only sensitive to the highest concentrations of carvacrol and thymol (Table 5) . Furthermore, L. reuteri was resistant to avilamycin.
DISCUSSION
EOs have long been known to possess antimicrobial activity (Burt, 2004) and may be responsible for the preserving action of certain herbs and spices. The feeding of EOs, however, has not always been observed to influence the intestinal microbiota in vivo (Cross et al., 2007) . We hypothesised that the used EOs may not always have been selected on the basis of their specific antimicrobial activity, and took into account not only the sensitivity of potential pathogenic members of the intestinal microbiota, but also its beneficial members. Therefore, 11 nature identical EOs and three natural extracts were tested in vitro for their antimicrobial potential. All tests were performed anaerobically to mimic the conditions in the intestine. For comparison, the now prohibited antimicrobial growth promoter avilamycin was included. The tested Gram positive potential pathogenic strains were found to be more sensitive to the tested EO's than to the tested Gram negative strains. This is in agreement with earlier observations (Burt, 2004) . Although Salmonella and E. coli are genetically closely related, they appeared to differ markedly in their sensitivity to the tested EOs. In particular, the higher sensitivity of E. coli 0147 to EOs was unexpected.
The nature identical EOs which appear to have the highest growth reducing capacity were carvacrol, cinnamaldehyde and thymol. Citral, eugenol and limonene were also active but less so compared to the above three. All three tested natural extracts exhibited a strong antimicrobial activity. This may, in part, be explained by the fact that thymol is one of the main components of oregano and thyme oil (Chorianopoulos et al., 2004) . Although the reductions in growth were in general statistically significant, they were small and the biological relevance of this reduction remains therefore to be established.
Likewise, the tested Gram negative pathogens, Salmonella and E. coli, were not particularly sensitive to avilamycin. Avilamycin is known to be active mainly against Gram positive microbes (Butaye et al., 2003) and this is therefore in agreement with the current findings.
The most interesting finding, however, is the relative resistance of the tested beneficial members of the intestinal microbiota, lactobacilli and bifidobacteria, to EOs while members of these genera were highly sensitive to avilamycin. Although avilamycin has been reported to be active particularly against Gram-positive microbes (Butaye et al., 2003) , its activity against lactobacilli and bifidobacteria has not been reported before. B. longum and B. breve have earlier been observed to be relatively resistant to thymol, eugenol and carvacrol at 300 mg/l (Si et al., 2006) . L. plantarum has been found to be resistant to thymol, eugenol and carvacrol at 300 mg/l under aerobic conditions. L. acidophilus, however, was highly sensitive to thymol and carvacrol under aerobic conditions at 300 mg/l (Si et al., 2006) . The present study confirms these observations and expands them to anaerobic conditions as found in the intestine.
The sensitivity of some of the tested Gram positive potential pathogens combined with the relative resistance of the tested bifidobacteria and lactobacilli to EOs under anaerobic conditions may be an advantage for EOs, inhibiting the growth of potential pathogens while sparing the beneficial members of the intestinal microbiota. This would provide the intestinal microbiota with an opportunity to strengthen one of its main functions, colonisation resistance against incoming pathogens (Adlerberth et al., 2000) . Thereby the natural resistance of the animal would be increased. It would therefore be worth testing the most promising EOs, such as thymol and cinnamaldehyde, or natural extracts such as rosemary oil alone or in combination under in vivo conditions to determine whether they would beneficially influence or maintain the intestinal microbiota and improve animal health and performance.
